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Foreword 

The Common Market for Eastern and Southern Africa (COMESA) was established in 1994 as a 
regional economic grouping consisting of 20 member states after signing the co-operation Treaty. 
In Chapter 15 of the COMESA Treaty, Member States agreed to co-operate on matters of 
standardisation and Quality assurance with the aim of facilitating the faster movement of goods 
and services within the region so as to enhance expansion of intra-COMESA trade and industrial 
expansion. 

Co-operation in standardisation is expected to result into having uniformly harmonised standards. 
Harmonisation of standards within the region is expected to reduce Technical Barriers to Trade 
that are normally encountered when goods and services are exchanged between COMESA 
Member States due to differences in technical requirements. Harmonized COMESA Standards 
are also expected to result into benefits such as greater industrial productivity and 
competitiveness, increased agricultural production and food security, a more rational exploitation 
of natural resources among others. 

COMESA Standards are developed by the COMESA experts on standards representing the 
National Standards Bodies and other stakeholders within the region in accordance with 
international procedures and practices. Standards are approved by circulating Final Draft 
Harmonized Standards (FDHS) to all member states for a one Month vote. The assumption is 
that all contentious issues would have been resolved during the previous stages or that an 
international or regional standard being adopted has been subjected through a development 
process consistent with accepted international practice. 

COMESA Standards are subject to review, to keep pace with technological advances. Users of 
the COMESA Harmonized Standards are therefore expected to ensure that they always have the 
latest version of the standards they are implementing. 

This COMESA standard is technically identical to lEC/TS 60076-14:2004, Power transformers — 
Part 14: Design and application of liquid-immersed power transformers using high-temperature 
insulation materials 



A COMESA Harmonized Standard does not purport to include all necessary provisions of a contract. 
Users are responsible for its correct application. 
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(see below) in addition to new editions, amendments and corrigenda. Information on 
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The on-line catalogue on the lEC web site ( www.iec.ch/searchpub ) enables you to 
search by a variety of criteria including text searches, technical committees and 
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INTERNATIONAL ELECTROTECHNICAL COMMISSION 



POWER TRANSFORMERS - 

Part 14: Design and application 

of liquid-immersed power transformers 

using high-temperature insulation materials 



FOREWORD 

1) The International Electrotechnical Commission (lEC) is a worldwide organization for standardization comprising 
all national electrotechnical committees (lEC National Committees). The object of lEC is to promote 
international co-operation on all questions concerning standardization in the electrical and electronic fields. To 
this end and in addition to other activities, lEC publishes International Standards, Technical Specifications, 
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as "lEC 
Publication{s)"). Their preparation is entrusted to technical committees; any lEC National Committee interested 
in the subject dealt with may participate in this preparatory work. International, governmental and non- 
governmental organizations liaising with the lEC also participate in this preparation. lEC collaborates closely 
with the International Organization for Standardization (ISO) in accordance with conditions determined by 
agreement between the two organizations. 

2) The formal decisions or agreements of lEC on technical matters express, as nearly as possible, an international 
consensus of opinion on the relevant subjects since each technical committee has representation from all 
interested lEC National Committees. 

3) lEC Publications have the form of recommendations for international use and are accepted by lEC National 
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of lEC 
Publications is accurate, lEC cannot be held responsible for the way in which they are used or for any 
misinterpretation by any end user. 

4) In order to promote international uniformity, lEC National Committees undertake to apply lEC Publications 
transparently to the maximum extent possible in their national and regional publications. Any divergence 
between any lEC Publication and the corresponding national or regional publication shall be clearly indicated in 
the latter. 

5) lEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any 
equipment declared to be in conformity with an lEC Publication. 

6) All users should ensure that they have the latest edition of this publication. 

7) No liability shall attach to lEC or its directors, employees, servants or agents including individual experts and 
members of its technical committees and lEC National Committees for any personal injury, property damage or 
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and 
expenses arising out of the publication, use of, or reliance upon, this lEC Publication or any other lEC 
Publications. 

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is 
indispensable for the correct application of this publication. 

9) Attention is drawn to the possibility that some of the elements of this lEC Publication may be the subject of 
patent rights. lEC shall not be held responsible for identifying any or all such patent rights. 

The main task of lEC technical committees is to prepare International Standards. In 
exceptional circumstances, a technical committee may propose the publication of a technical 
specification when 

the required support cannot be obtained for the publication of an International Standard, 
despite repeated efforts, or 

The subject is still under technical development or where, for any other reason, there is 
the future but no immediate possibility of an agreement on an International Standard. 

Technical specifications are subject to review within three years of publication to decide 
whether they can be transformed into International Standards. 
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lEC 60076-14, which is a technical specification, has been prepared by lEC technical 
committee 14: Power transformers. 

The text of this technical specification is based on the following documents: 



Enquiry draft 


Report on voting 


14/468/DTS 


14/482/RVC 



Full information on the voting for the approval of this technical specification can be found in 
the report on voting indicated in the above table. 

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2. 



lEC 60076 consists of the following parts under the general title Power transformers 

Part 1 
Part 2 
Parts 
Part 4 



General 

Temperature rise 

Insulation levels, dielectric tests and external clearances in air 



Guide to the lightning impulse and switching impulse testing - Power transformers 
and reactors 

Part 5: Ability to withstand short circuit 

Part 8: Application guide 

Part 10: Determination of sound levels 

Part 11: Dry-type transformers 

Part 14: Design and application of liquid-immersed power transformers using high- 
temperature insulation materials 

The committee has decided that the contents of this publication will remain unchanged until 
the maintenance result date indicated on the lEC web site under "http://webstore.iec.ch" in 
the data related to the specific publication. At this date, the publication will be 

transformed into an International Standard; 

reconfirmed; 

withdrawn; 

replaced by a revised edition, or 

amended. 
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INTRODUCTION 

Winding conductors in liquid-immersed transformers iiave Inistoricaiiy been insuiated by 
ceiiuiosic paper or enamei. Otiner soiid insulation materials have also been cellulose products. 
The insulation liquid has, for the most part been mineral insulating oil. These materials are 
still predominant. 

The average temperature rise in windings for several tens of years has been limited to 
65/70 K and the top oil temperature rise to 60 K, as specified in lEC 60076-2. 

Most of the accumulated experience of transformers in service is based on these materials 
and these temperature limits. In some cases, space or weight limitations require the designer 
to reduce the transformer dimensions with higher temperature rises as a consequence. The 
application of materials (both solid and liquid) with better ageing properties at more elevated 
temperatures than the traditional ones is necessary in order to provide an acceptable life 
expectancy. High-temperature materials have also occasionally been used in certain parts of 
the windings where high temperature has been expected. 

Recent temperature measurements by means of fibre-optics have indicated that the hot-spot 
temperature may sometimes be higher than predicted, and in certain cases considerably 
higher. This has created concern regarding higher rate of ageing than expected. The 
measurements have provided knowledge regarding where the hot-spots are situated and 
where high-temperature materials might be applied. 

High-temperature insulation, from enamel and tape wrap for conductors, to spacer and 
mechanical support materials are already used in large power, smaller distribution, mobile, 
locomotive and rectifier transformers. Fluids suitable for temperatures higher than that of 
conventional mineral insulating oil are also available. For many years, manufacturers have 
met the needs of special applications by designing transformers using high-temperature 
materials to achieve lighter weight, higher power density or increased life. 

The purpose of this technical specification is to provide information on types of available 
materials and to draw attention to topics specifically attributed to the higher temperatures. 
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POWER TRANSFORMERS - 

Part 14: Design and application 

of liquid-immersed power transformers 

using high-temperature insulation materials 



1 Scope 

This technical specification provides design, testing and loading information for use by both 
the manufacturer and user of liquid-immersed power transformers using either high- 
temperature insulation or combinations of high-temperature and conventional insulation. 

It is applicable to 

- power transformers designed in accordance with lEC 60076-1; 

- converter transformers designed to lEC 61378; 

- arc furnace transformers, 

and covers the use of various liquid and solid insulation combinations. 

Whilst standards for traction transformers fall under the authority of lEC Technical 
Committee 9, this specification however may be applicable as a guideline for the use of high- 
temperature insulation materials in traction transformers. 

2 Normative references 

The following referenced documents are indispensable for the application of this document. 
For dated references, only the edition cited applies. For undated references, the latest edition 
of the referenced document (including any amendments) applies. 

lEC 60076-1, Power transformers - Part 1: General 

I EC 60076-2, Power transformers - Part 2: Temperature rise 

lEC 60076-5, Power transformers - Part 5: Ability to withstand short-circuit 

lEC 60296, Fluids for electrotechnical applications - Unused mineral insulating oils for 
transformers and switchgear 

lEC 60317 (all parts). Specifications for particular types of winding wires 

lEC 60422, Supervision and maintenance guide for mineral insulating oils in electrical 
equipment 

lEC 60554-3, Specification for cellulosic papers for electrical purposes - Part 3: 
Specifications for individual materials 

lEC 60641-3, Specification for pressboard and presspaper for electrical purposes - Part 3: 
Specifications for individual materials 
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lEC 60674-3, Plastic films for electrical purposes - Part 3: Specifications for individual 
materials 

lEC 60819-3, Non-cellulosic papers for electrical purposes - Part 3: Specifications for 
individual materials 

I EC 60836, Specifications for silicone liquids for electrical purposes 

lEC 60851-4, Winding wires - Test methods - Part 4: Chemical properties 

I EC 60867, Specifications for unused liquids based on synthetic aromatic hydrocarbons 

lEC 60893-3 (all parts). Insulating materials - Industrial rigid laminated sheets based on 
thermosetting resins for electrical purposes 

lEC 60944, Guide for the maintenance of silicone transformer liquids 

lEC 61099, Specifications for unused synthetic organic esters for electrical purposes 

lEC 61 100, Classification of insulating liquids according to fire point and net calorific value 

I EC 61203, Synthetic organic esters for electrical purposes - Guide for maintenance of 
transformer esters in equipment 

lEC 61212-3, Industrial rigid round laminated tubes and rods based on thermosetting resins 
for electrical purposes - Part 3: Specifications for individual materials 

lEC 61378-1, Converter transformers - Part 1: Transformers for industrial applications 

lEC 61378-2, Converter transformers - Part 2: Transformers for HVDC applications 

lEC 61629-1, Aramid pressboard for electrical purposes - Part 1: Definitions, designations 
and general requirements 

ISO 2592, Determination of flash and fire points - Cleveland open cup method 

ISO 2719, Determination of flash-point - Pensky-Martins closed cup 

IEEE 62, IEEE Guide for Diagnostic Field Testing of Electric Power Apparatus - Part 1: Oil 
Filled Power Transformers, Regulators and Reactors 

3 Terms and definitions 

For the purposes of this document, the definitions prescribed in lEC 60076-1 and lEC 60076-2 
apply with the following additions. 
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3.1 

insulation system 

system composed of solid insulating materials and an insulating liquid 

3.2 

liybrid insulation system 

high-temperature solid insulation material adjacent to all winding conductors (including all 
conductor insulation, spacers, strips and cylinders in direct contact with the winding) and 
cellulose materials in lower temperature areas where thermal class 105 limits are met 

3.3 

semi-hybrid insulation system 

high-temperature materials used only for conductor insulation 

3.4 

mixed insulation system 

high-temperature solid insulation material adjacent to the winding conductors located in the 
hotter regions (including all conductor insulation and, if necessary, spacers, strips and 
cylinders in direct contact with these conductors) and cellulose materials in the rest of the 
winding and other lower temperature areas where thermal class 105 limits are met 

3.5 

homogeneous insulation system 

winding insulation, main insulation and core insulation of the same thermal class having either 
conventional or high-temperature class 

3.6 

high-temperature solid insulation 

solid insulation designed to continuously operate at temperatures in excess of thermal 
class 105 

3.7 

high-temperature liquid insulation 

liquid dielectric and cooling insulation capable of continuous operation at temperatures above 
the capability of transformer mineral insulating oil 

3.8 

conventional insulation 

transformer mineral insulating oil and non-thermally upgraded cellulose insulation 

3.9 

thermal class 

designation of an electrical insulation system (EIS) that is equal to the numerical value of the 
maximum use temperature in degrees Celsius (°C) for which the EIS is appropriate 

3.10 

reference temperature 

rated average winding temperature rise plus 20 °C (10 °C for 65 K average winding 
temperature rise) 
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4 Materials 



4.1 General 

This clause lists many high-temperature electrical insulation materials for reference purposes 
only. The appearance of these materials does not imply that any specific combination is 
suitable for use in high-temperature liquid-immersed transformer applications. 

Common solid materials currently available are listed in Table 1 along with typical parameters 
and characteristics, which are necessary for proper evaluation. It is important to note that 
design parameters specific to the material selected should be obtained from the manufacturer 
of the product. The insulation materials may be conveniently separated into solids, wire 
enamels and liquids. 

Each material should be evaluated for compatibility with other materials in the system and not 
only for thermal capability. It should also be noted that whilst the thermal capability of the 
individual materials may be satisfactory, the interaction of these individual elements in the 
system might render the system unacceptable. 

4.2 Solid insulation 

Solid insulation is available in the form of paper, film, sheet and board as well as various 
shapes for mechanical applications used within the dielectric structure. Table 1 lists many 
readily available materials, along with typical parameters. The table also includes cellulose- 
based products for reference purposes, since high-temperature solid insulation is defined 
relative to the thermal capability of cellulose. Note that this typical performance information is 
based on components tested individually as isolated samples in air. Dielectric and thermal 
performance as a system, when immersed in the selected insulating liquid may be 
substantially different from the component values and the values associated with 
impregnation in a specific liquid. 

It should also not be assumed that the system thermal class would necessarily default to the 
lowest temperature class of the system's individual components. On the contrary, the thermal 
capability will often favour the highest temperature component. However, the individual 
component thermal class should provide guidance in the proper placement of the various 
materials within the insulation design. 



Table 1 - Typical properties of solid insulation materials 



Material 


Thermal 
class 


lEC 
standard 
reference 


Relative 

permittivity 

at 25 °C 


Dissipation factor 

(%) 


Moisture 
absorption 

(%) 


Density 
(g/cm^) 


Form 


At 25 °C 


At 100 °C 


Cellulose 


105 


60554-3 


3,3-4,1 


0,4 


1,0 


7,0 


0,97- 1,2 


Paper 


Cellulose 


105 


60641-3 


2,9-4,6 


0,4 


1,0 


7,0 


0,8- 1,35 


Board 


Polyester glass^' 


130-200 


60893-3 


4,8 


1,3-7,0 


N/A 


0,2- 1,1 


1,8-2,0 


Sheet 


Polyester glass^' 


130-220 


61212-3 


N/A 


N/A 


N/A 


0,16-0,28 


1,8-2,0 


Shapes 


Polyimide 


220 


60674-3 


3,4 


0,2 


0,2 


1,0- 1,8 


1,33- 1,42 


Film 


Aramid 


220 


60819-3 


1,6-3,2 


0,5 


0,5 


5,0 


0,72- 1,10 


Paper 


Aramid 


220 


61629-1 


2,6-3,5 


0,5 


0,5 


5,0 


0,70- 1,15 


Board 


NOTE 1 All data has been taken from measurements in air. 

NOTE 2 Relative permittivity and dissipation factor data are referenced to 50/60 Hz. 

NOTE 3 Moisture data is based on air having a relative humidity of 50 %. 


1) Typically only used in lower voltage applications due to possible air entrapment during the manufacturing process. 
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4.3 Wire enamel insulation 

The list in Table 2 shows a broad range of available insulating enamels used to coat both 
round and rectangular copper and aluminium winding wires. Additional information may be 
found in the specific applicable parts of the lEC 60317 series. Note that the appearance of a 
coating in this list does not imply compatibility with any of the many available dielectric 
liquids. Procedures for verifying compatibility with different liquids are defined in lEC 60851-4. 

Table 2 - Typical enamels for wire insulation 



Common acronym 


Common name 


Chemical name 


Thermal 
class 


lEC 60317 
applicable part 


PVF 


Polyvinyl formal 


Polyvinyl acetal 


105 
120 


1, 17 
12, 18 


UEW 


Polyurethane 


Polyurethane 


130 
155 
180 


2, 4 

20, 35 

51 


UEWN 


Nylon over 
polyurethane 


Polyurethane with 
polyamide overcoat 


130 
155 


19 
21 


PEW 


Polyester 


Polyester 


130 
155 


34 
3, 16, 54 


PEWN 
HPEWN 


Nylon over polyester 


Polyester with polyamide 
overcoat 


180 


22 


EIW 


Polyesterimide 


Polyesterimide 


180 


8, 15, 23, 28, 36, 37 


HPEAIW 


Polyester polyamide- 
imide 


Polyester polyamide- 
imide 


200 


13, 25, 29, 38 


EAIW 


Amide-imide over 
polyesterimide 


Polyesterimide with 
polyamide-imide overcoat 


200 


13, 25, 29, 38 




Polyamide over 
polyesterimide 


Polyesterimide with 
polyamide overcoat 


180 


22 


AlW 


Polyamide-imide 


Aromatic polyamide-imide 


200 


26 


PIW 


Polyimide 


Aromatic polyimide 


220 


7, 30 


The following wire insulations are not defined by lEC standards 


Epoxy 


Epoxy 


Epoxy 


155 


N/A 


PPSU 
PAES 


Polyphenylsulfone 


Polyarylethersulfone 


155 


N/A 


PAS 


Polyarylsulfone 


Polyarylsulfone 


180 


N/A 


PEEK 


Polyarylether- 
etherketone 


Polyaryletheretherketone 


220 


N/A 


NOTE Thermal class in air according to lEC 60317. 
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4.4 Insulating liquids 

Table 3 shows typical performance characteristics of readily available dielectric liquids that 
are used In llquld-lmmersed transformers. Mineral Insulating oil, complying with lEC 60296 Is 
the most common liquid used In transformers and Is generally the performance reference to 
which all other liquids are compared. This liquid is also the reference for comparing high- 
temperature performance. 

lEC 61100 provides rules for classifying liquids according to fire point and calorific value. 
Afire point greater than 300 °C, as determined according to ISO 2592 classifies the liquid as 
Class K. However, neither the flash point nor the fire point defines high-temperature 
capability. Sludge development, affinity to moisture and rate of oxidation all affect the thermal 
capability of a liquid. The liquid manufacturer should be contacted to determine if a specific 
product Is suitable for use at higher temperatures than conventional mineral insulating oil, 
since It may depend on certain additives that may not be present in all products In the same 
generic category. 

The maximum operating temperatures listed In Table 3 are provided only as a starting point 
for further Investigation, since there is no generally accepted procedure for establishing a 
thermal index for insulating liquids. These temperatures are estimated or generally accepted 
by the Industry, but should not be taken as recommendations of this specification. 



Table 3 - Typical properties of insulating liquids 



Generic 
name 


lEC 
standard 
reference 


Estimated 

maximum 

operating 

temperature 

(°C) 


Flash 
point ^' 

rc) 


Fire 
point ^' 

rc) 


Water 
content 
(mg/kg) 


Density 
at 25°C 
(g/cm^ 


Relative 
permit- 
tivity "' 
at 25 °C 


Dissipation 
factor "' 
at 25 °C 

(%) 


Kinematic 

viscosity 

(mm^/s) 


Thermal 

conductivity 

at 25 °C 

(W/mK) 


Specific 

heat 
at 25 °C 
(J/kg°C) 


At 60 °C 


At 100 °C 


IVIineral insulating oil 


60296 


105 


145 


160 


25 


0,88 


2,2 


0,05 


15 


2,3 


0,12 


2 100 


Synthetic 
hydrocarbon 


60867 


-130 '' 


230 


250 


15 


0,83 


2,1 


0,01 


10,1 


4,1 


0,14 


2 100 


Synthetic ester 


61099 


-130^'^' 


275 


310 


50 


0,97 


3,2 


0,02 


33 


5,8 


0,16 


2 100 


Dimethyl silicone 


60836 


-155^'^' 


310 


360 


50 


0,96 


2,7 


0,01 


30 


14,3 


0,15 


1 500 


Although the following liquids are used in some transformer applications, they are not yet defined by lEC standards 


Synthetic PAO 
hydrocarbon 


N/A 


-130 '' 


264 


304 


15 


0,83 


2,1 


0,01 


26,5 


8,6 


0,13 


2 300 


High molecular 
weight hydrocarbon 


N/A 


-130 '' 


280 


312 


10 


0,87 


2,2 


0,01 


40,3 


11,8 


0,14 


2 100 


Agricultural ester 


N/A 


-130 ^' 


330 


360 


50 


0,91 


3,2 


0,05 


N/A 


9 


0,17 


2 000 


NOTE The values in this table are provided only as a general guide for comparison of the different liquids. For specific physical properties and acceptance limits, refer to 
the lEC standard noted for each liquid. Physical properties and acceptance limits for liquids with no lEC document should be verified with the liquid manufacturer. 


1) Estimated or 'generally accepted' values are shown for information purposes, since there is no recognized test method for determining a thermal class for insulating 
liquids. 

2) Due to the oxygen stability properties and hygroscopic nature of these liquids, the estimated temperature limits only apply to essentially oxygen-free applications where 
the oil preservation system effectively prevents the ingress of moisture filled air into the tank. 

3) Cleveland open cup test per ISO 2592. In lEC Technical Committee 10 documents, flash point is determined according to the Pensky-Martins closed cup test per ISO 
2719, which generally gives lower values than those shown. 

4) Relative permittivity and dissipation factor data are referenced to 50/60 Hz. 
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5 Insulation systems 

5.1 General 

An insulation system used in eiectrotechnicai devices contains one or more soiid materials for 
insulating the conductive parts and a liquid, for both insulating conductive parts and for heat 
transfer and cooling. These insulation materials must withstand electrical, mechanical, 
chemical and thermal stresses for the expected life of the device. A procedure for evaluating 
a combined solid and liquid insulation system may be found in future lEC 62332. 

For thermal stresses, the capability of the insulation material is based on temperature as the 
dominating factor. However, the temperature distribution, even in a conventional power 
transformer is not homogenous. The liquid temperature can vary for example, between 70 °C 
at the bottom of the transformer and 100 °C at the top, when the transformer is at full load. 
Correspondingly, the conductors and associated insulating materials will typically reach hot- 
spot temperatures 10 °C to 20 °C higher than the surrounding liquid. The remaining insulation 
materials will adopt the approximate temperature of the liquid, depending on the height. 

Since ageing and lifetime of the insulation system so strongly depend on the temperature, 
different combinations of insulating materials may be used in order to optimise the thermal 
and economical design of the transformer. The application of insulating materials with 
different thermal classes leads to unconventional insulation systems. To obtain optimum value 
in the use of these high-temperature insulating materials, it makes sense to match the 
material capability to the appropriate application temperature. 

Many systems could be identified based on the many multiple combinations of various solid 
insulations together with each liquid. However, for communication purposes, four distinct 
categories may be defined in general terms. These categories do not include combinations 
that use high-temperature materials even though all conventional temperatures are 
maintained. lEC 60076-2 and future lEC 60076-7 adequately cover this type of transformer. 
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5.2 Insulation system types 

5.2.1 Homogeneous high-temperature insulation system 

Homogeneous insulation systems consist of solid insulation materials and an insulation liquid 
of similar thermal capability, either all conventional or all high-temperature. Although the 
conventional reference insulation system, defined by lEC 60076-2 and future lEC 60076-7 is a 
homogeneous insulation system, the insulation system referred to in this document as 
homogeneous contains only high-temperature insulation. Figure 1 illustrates this system with 
a large power transformer construction, although layer and foil wound constructions would 
also be included for smaller type transformers. 

Solid: High-temperature for all windings 

Liquid: High-temperature 

Temperatures: Higher than conventional temperature rises for liquid and average and hot-spot 
winding temperature rises 



ii^BT 



^137 




lEC 1453/04 



All insulation parts of same high-temperature thermal class 

Figure 1 - Illustration of solid insulation in a homogeneous insulation system 
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5.2.2 Hybrid insulation system 

The hybrid insulation system uses conventional liquid and high-temperature materials 
throughout the transformer in the windings, but not necessarily every winding. A layer tertiary 
winding, for example, may be composed of conventional materials since it may operate at a 
lower temperature than the other windings. Typically the conductor insulation and the radial 
and axial spacers separating the coil windings are high-temperature materials. Conventional 
cellulose insulation is used in all other areas, such as cylinders and angle rings that operate 
at conventional temperatures. 

Solid: High-temperature for all insulation in contact with hot conductors 

Liquid: Conventional 

Temperatures: Conventional temperature rise for liquid and higher than conventional average 
and hot-spot temperature rises for some or all windings 




Key 

1 high-temperature axial spacers against the winding 

2 high-temperature radial spacers on top and below the winding 

3 high-temperature radial spacers inside the winding 

4 high-temperature conductor insulation 

5 high-temperature axial spacers inside the winding forming axial cooling ducts 



lEC 1454/04 



Figure 2 - Illustration of solid insulation in a hybrid insulation system 
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5.2.3 Semi-hybrid insulation system 

The semi-hybrid insuiation system uses conventionai iiquid and high-temperature materiais 
oniy for conductor insuiation in windings operating above conventionai temperatures. Aii other 
materiais are of conventionai insuiation. 

Solid: High-temperature for conductor insulation oniy in some or all windings 

Liquid: Conventional 

Temperatures: Conventionai temperature rise for iiquid and higher than conventional average 
and hot-spot temperature rises for some or ail windings 




I EC 1455/04 



Key 

4 high-temperature conductor insulation 

Figure 3 - Illustration of solid insulation in a semi-hybrid insulation system 
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5.2.4 Mixed insulation system 

The mixed insulation system uses Inigln-temperature insulation for certain components or parts 
of windings, such as the conductors in regions at temperatures above conventional limits. An 
example would be the zones with extra losses and heat dissipation, such as the winding ends, 
due to harmonic currents. Another example could be the upper quarter of a winding or 
windings. The majority of the solid insulation materials as well as the insulating liquid used in 
the transformer are conventional. 

Solid: High-temperature to protect against localized heating in specific regions of some 
windings 

Liquid: Conventional 

Temperatures: Conventional temperature rise for liquid and average winding, but higher than 
conventional hot-spot temperature rises for some or all windings 




Key 

2 high-temperature radial spacers on top and below the winding 

3 high-temperature radial spacers inside the winding 

4 high-temperature conductor insulation in the hottest areas 



lEC 1456/04 



Figure 4 - Illustration of solid insulation in a mixed insulation system 
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6 Temperature limits 

In most conventional transformers using cellulose and mineral oil, the solid Insulation 
determines the maximum operating temperature. When high-temperature solid Insulation 
materials are used with conventional liquid, the Insulating liquid will generally become the 
limiting factor and will determine the maximum temperature limits. Avoiding overheating of the 
Insulating liquid becomes the design focus, since the ageing that may take place above a 
certain liquid temperature changes many properties of the Insulating liquids. An essential 
property such as the dielectric strength of the liquid may decline significantly within a 
relatively short time. If the temperature Is not kept below a certain limit. 

Maximum temperature limits for various combinations of solid and liquid Insulating materials 
are presented In Tables 4 and 5. Additional Information may be found In Annex B. These 
temperatures are Intended to be upper limits and are highly dependant on the specific design 
and application. An accurate thermal model verified by adequate test data Is required to 
determine the actual maximum limits of any specific transformer design. Some of the limiting 
factors to be considered In determining these maximum temperatures are: 

- free breathing units that introduce moisture and free oxygen into the transformer tank, 
which are major contributors to insulation ageing. This ageing is accelerated as the 
temperature increases; 

- ageing of materials which may introduce moisture and free oxygen inside the transformer 
tank; 

- velocity of the liquid in the cooling ducts, since long exposure of the liquid to high- 
temperature will accelerate degradation; 

- accelerated ageing of the liquid and insulating materials due to catalytic action caused by 
the presence of bare copper and silver surfaces with generation of by-products, copper 
derivatives dissolved in insulating liquids and particles; 

- gas bubbles caused by overheated trapped liquid between the winding conductors and the 
conductor covering. See Annex A for more general information on bubbling and an 
equation for calculating the approximate temperature that bubbling may occur; 

- use of high-temperature solid insulation with a thermal class lower than stated in the 
tables. 
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Table 4 - Temperature limits for transformers with mineral insulating liquid 





Conventional 
insulation 
system ^' 


Mixed 

insulation 

system 


Semi-hybrid 

insulation 

system 


Hybrid 
insulation 
system '' 


IVIinimum high-temperature solid insulation 
thermal class 


N/A 


130 


120 


155 


Top oil temperature rise over ambient 
temperature (K) 


60 


60 


60 


60 


Top oil temperature at maximum ambient 

rc) 


100 


100 


100 


100 


Average winding temperature rise over 
ambient temperature (K) 


65 


65 


75 


95 


Conventional hot-spot temperature at 
maximum ambient (°C) 


118 


118 


118 


118 


High-temperature insulation hot-spot 
temperature at maximum ambient (°C) 


N/A 


150 


130 


170 


Reference temperature (°C) 


75^' 


75^' 


95 


115 


Maximum ambient temperature (°C) 


40 


40 


40 


40 


1) Reference system for comparison purposes. 

2) lEC 60076-2 uses 75 °C as the reference temperature for specification of the losses and short-circuit 
impedance at 65 K average winding temperature rise. 

3) Essentially oxygen-free applications where the oil preservation system effectively prevents the ingress of 
oxygen and moisture filled air into the tank. 



Table 5 - Temperature limits for transformers with high-temperature liquids 





High-temperature 

homogeneous insulation 

system with ester liquid or 

equivalent ^' 


High-temperature 

homogeneous insulation 

system with silicone liquid or 

equivalent ^' 


Minimum high-temperature solid insulation 
thermal class 


180 


200 


Top liquid temperature rise over ambient 
temperature (K) 


90 


115 


Top liquid temperature at maximum 
ambient (°C) 


130 


155 


Average winding temperature rise over 
ambient temperature (K) 


115 


130 


High-temperature material hot-spot 
temperature (°C) 


190 


220 


Reference temperature (°C) 


135 


150 


Maximum ambient temperature (°C) 


40 


40 


1) Essentially oxygen-free applications where the oil preservation system effectively prevents the ingress of oxygen and 
moisture filled air into the tank. 
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7 Transformer accessories and compatibility 

7.1 General 

When operating at high temperature it is important that the individual components are 
checked to ensure that they have thermal, chemical and mechanical compatibility with their 
mating parts. Compatible materials will exhibit no abnormal degradation of performance or 
key parameters in normal use. 

This specification primarily covers the thermal compatibility. It is essential however, that 
dielectric and chemical properties of the various components together with their gaskets, as 
appropriate are also taken into account. 

7.2 Bushings 

Higher operating temperatures in the winding will not greatly affect the bushing if the top 
liquid temperature is not increased above conventional limits. Where the top liquid 
temperature is higher than that of conventional design, the bushing performance may be 
affected. In this case, special high-temperature or over-sized bushings may be required. As 
an alternate, it may be possible to relocate the bushings to a lower position to take advantage 
of lower liquid temperatures. 

7.3 Tap-changer 

The tap-changer is not always located in the hottest top liquid zone. However, in case the tap- 
changer is located in liquid temperatures above the commonly used 100°C in conventional 
units, one should have special thermal, mechanical and dielectric considerations for the 
selection of these components. 

Higher operating temperatures in the winding could also affect the tap-changer, if the heat is 
transferred from the winding onto the tap-changer contacts. Accordingly, a higher current 
rated tap-changer is not necessarily the solution since the source of the heat is from the 
winding and not from higher current. In the application of high-temperature operation the 
compatibility of contact materials needs to be considered. 

7.4 Gasket material 

Where a high-temperature insulating liquid is used a higher temperature grade of gasket 
material will be required that is chemically compatible with the insulating liquid. 

7.5 Tank painting 

When operating the insulation liquid at higher temperatures, it is important to use thermally 
compatible internal and external paint specifications. 

7.6 Coolers 

Where a high-temperature insulating liquid is used, all the materials in the cooler should be 
suitable for the higher temperatures. Thermal properties such as viscosity and heat transfer 
need careful consideration as they could differ significantly from mineral insulating oil. It is 
also possible that the thermal properties will vary over the increased temperature range. As 
with the tank, the paint system should be suitable for the higher temperature. 
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7.7 Pumps 

The pump specification sinouid take into account tine viscosity of tine insulating liquid over the 
operational temperature range. 

7.8 Conservator 

The capacity of the liquid conservator should take into account the increased temperature 
range over which the transformer will operate. The expansion/contraction of the high- 
temperature liquid may differ significantly from that of mineral insulating oil. For sealed 
transformers the tank or conservator should be larger to allow for the volume increase. For 
breather systems, which utilise a membrane, a higher temperature grade of membrane 
material may be required. 

7.9 Adhesives 

All adhesives used during the manufacturing process should be suitable for the higher 
temperatures and be chemically compatible with the insulating liquid. 

7.10 Current transformers 

The insulation system used on any current transformer should be thermally and chemically 
compatible with the high-temperature insulating liquid in use. 

7.11 Temperature gauges and indicators 

The temperature gauges and indicators should be specified to operate to the higher 
temperatures and over greater temperature ranges. In particular, values of the alarm and trip 
settings should be set with care. 

7.12 Buchiholz relays 

The gases that may be generated in transformers using high-temperature insulation systems 
may differ from those in a conventional system. The Buchholz relay therefore, should be 
compatible with the insulating liquid, its operating temperature and the gases that may be 
developed. 

8 Special design considerations 

8.1 Sliort-circuit considerations 

Designing for higher average winding temperature rises than conventional designs may be 
accomplished by reduced cooling or by higher current densities. In the latter case, the high- 
temperature design may consequently require reinforced mechanical construction to withstand 
the effects of an external short circuit. 

The mechanical construction of the winding and support structure should also be designed to 
take into consideration the possible increased expansion or contraction of the transformer 
windings due to the larger temperature range. 

In addition, the processing of the windings should be such that the tightness of the 
construction will be maintained in service. 
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The transformer should be designed to withstand short circuits as defined in lEC 60076-5. 
The maximum permissible value of the average temperature of each winding should be 
calculated in accordance with that specification. For category I transformers with high- 
temperature liquids covered by Table 5 of this standard, the maximum permissible 
temperature for copper windings during short circuit is 350 °C. 

Where the design incorporates epoxy-bonded winding conductors, the maximum temperatures 
obtained under short-circuit conditions should be taken into account since the epoxy is 
mechanically weaker at higher temperatures. 

8.2 Dielectric requirements 

The dielectric properties of a high-temperature insulation system will differ from the 
conventional system hence the effects of these changes need to be fully analysed at the 
design stage. The design should ensure that there is no abnormal degradation of the 
dielectric properties over the wider operating temperature range of the transformer. 

8.3 Temperature requirements 

The value of the hot-spot temperature of the winding and its location is critical for the 
satisfactory operation of the transformer. As with any transformer these are design specific 
and hence an adequate thermal model of the winding is required, which should be verified by 
a model test. In mixed insulation systems there will be several hot-spots (one for each type of 
insulation) and all need careful consideration. See Figure 5b and Figure 6. 

It is important to note that in many cases the liquid in the winding cooling duct can have a 
higher temperature than that of the liquid in the top of the tank and this should be taken into 
consideration, since the hot-spot is determined by the liquid adjacent to the winding. The 
conductor to liquid temperature gradient of an insulated winding is generally the sum of the 
temperature gradient across the solid insulation and the temperature gradient across the 
boundary layer. In high-temperature insulation systems, the temperature gradient across the 
boundary layer is usually greater than in conventional insulation systems. This means that in 
most cases, the surface temperature of the winding is limited by the thermal capability of the 
insulation liquid. 

The maximum winding surface temperature in point D is given by the sum of the liquid 
temperature in the cooling duct and the temperature rise across the boundary layer. It 
depends on the heat transfer coefficient at the winding surface and the heat flux density 
through the winding surface. The insulation liquid needs to withstand the maximum surface 
temperature without accelerated ageing, unacceptable gas generation or bubbling. 
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Hxgr 




Hxg 




Figure 5a - Single insulation material 



Figure 5b - Two insulation materials 



Key 

X axis distance from conductor 

Y axis temperature 

A conductor 

B thickness of tiie solid insulation material 

Bi thickness of the high-temperature insulation material 

82 thickness of the conventional insulation material 

C thickness of the boundary layer of the liquid 

D winding surface temperature 

E liquid temperature in the cooling duct 

g^ average winding to liquid temperature gradient at rated current 

H hot-spot factor 

P hot-spot temperature in contact with the solid insulation material 

Pi hot-spot temperature in contact with the high-temperature insulation material 

P2 hot-spot temperature in contact with the conventional insulation material 

A0 temperature gradient inside the solid insulation 

A01 temperature gradient inside the high-temperature insulation 

A02 temperature gradient inside the conventional insulation 

AQt, temperature gradient inside the boundary layer of the liquid 

X thermal conductivity of the solid insulation material 

X^ thermal conductivity of the high-temperature insulation material 

X2 thermal conductivity of the conventional insulation material 



Figure 5 - Temperature gradient conductor to liquid 
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8.4 Overload 



Depending on the design values and tine tinermal capability of the insulation system, the 
transformer may have a different overload capability from that of a conventional design. 

The general principles and equations of the loading guide for oil-immersed transformers as 
described in future lEC 60076-7 apply, except for the overload levels, since temperatures and 
time constants may not be applicable. Any overload requirements should preferably be 
specified in the enquiry, or be agreed upon at the contract stage. 

8.5 Effects of harmonic currents 

Harmonic currents will increase the transformer eddy and stray losses when compared with a 
sinusoidal current with the same RMS value. These higher losses will increase the average 
temperature rise of the windings and hot-spot temperatures. 

The higher losses due to harmonic currents may increase the difference between the 
winding's average temperature rise and its hot-spot temperature. This difference can be quite 
significant for converter transformers having two or more valve windings loosely coupled. See 
lEC 61378 for additional information. 

8.6 Oil preservation system 

The type of oil preservation system should be specified in the enquiry and order as described 
in 8.2 of lEC 60076-1. All liquid-filled transformers will benefit from the exclusion of oxygen. 
However, this is especially important for transformers operating at high-temperatures. The 
use of preservation systems that do not inherently prevent the oil from coming in contact with 
the atmosphere should be restricted to applications where more frequent oil processing is 
possible and acceptable, such as mobile transformers. Even then, some active means should 
be employed to dry the air, such as a moisture-removing breather. 

9 Required Information 

9.1 Information to be provided by the purchaser 

9.1.1 Ambient temperatures and loading cycle 

The ambient temperature and loading cycle information should be in accordance with 
lEC 60076-1. 

9.1.2 Harmonic currents 

Harmonic currents affect transformer losses and therefore temperatures as mentioned in 8.5. 
The most common sources of harmonic currents are converters, to which transformers are 
connected. The characteristic of those harmonics depend on the following: 

- converter power circuit configuration; 

- converter control technique; 

- interaction between the converter and the system to which it is applied; 

- characteristics of the power electronic components. 
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The transformer manufacturer does not have the necessary information or knowledge to 
predict the current harmonics generated by the converter. Accordingly, lEC 61378 parts 1 
and 2 require that a harmonic spectrum be included in the specification. The purchaser has 
the responsibility of specifying the harmonics to which the transformer will be subjected, 
whilst the transformer manufacturer has the responsibility of designing the transformer, taking 
into account these specified harmonics. 

9.1.3 Other unusual service conditions 

For all other unusual service conditions see lEC 60076-1, Annex A. 

9.2 Information to be provided by the manufacturer 

9.2.1 Thermal characteristics 

The estimated or rated top liquid temperature rise and average winding temperature rise 
should be given at quotation and contract stage. 

In addition to the temperature rise specified in 4.2 of lEC 60076-2, the hot-spot temperature 
rise of the winding conductor over the ambient temperature should also be provided. 

The type of insulation system to be used should be given at quotation and contract stage. 

The lEC specification for the insulating liquid should be given where applicable and also its 
classification according to lEC 61100. 

9.2.2 Losses and short-circuit impedance 

The load losses and short-circuit impedance at reference temperature should be given for 
specification purposes. 

9.2.3 Guarantees 

The same guarantees as recommended in lEC 60076-1 apply. The load losses and the short- 
circuit impedance should be guaranteed at the reference temperature. The load losses at the 
reference temperature should also be used in a temperature rise test. 

The guaranteed top liquid and average winding temperature rises should not exceed the 
values given in Tables 4 and 5. 

10 Rating plate and additional information 

10.1 Rating plate 

In addition to the requirements in lEC 60076-1, the rating plate should include the following 
information: 

- type of insulation system (homogenous, hybrid, etc.); 

- short-circuit impedance at reference temperature; 

- guaranteed winding hot-spot temperature rise(s). 
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10.2 Transformer manual 

The manual shall highlight that, due to the presence of insulating materials different from 
cellulose and mineral insulating oil, different behaviour can be expected in respect to gas and 
moisture development and therefore, degassing and drying treatment. 

II Testing 

11.1 General 

The test requirements for power transformers and reactors are described in lEC 60076 and 
lEC 61378 for converter transformers. 

11.2 General requirements for routine, type and special tests 

It is required to correct the measured results to the reference temperature. On category II and 

III transformers as defined in lEC 60076-5, it may be desirable to collect DGA (dissolved gas 
analysis) data for future reference as a diagnostic tool, since the characteristics are likely to 
differ from conventional transformers. 

11.3 Temperature-rise test 

11.3.1 General 

The time constant of OD-cooled compact transformers with a high winding to liquid 
temperature rise is smaller than in a conventionally insulated transformers. Particular care is 
required to shorten the time between switch off and measurement of the winding resistance. 

The time from switch off to first recording should ideally be less than 1 min. If this short switch 
off time cannot be achieved, it is permitted to switch off the cooling fans and pumps at the 
same time as the shut down in order to reduce the measuring uncertainty of the cooling curve. 
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11.3.2 Evaluation of temperature rise tests for mixed insulation systems 




Key 

X axis indicates temperature 

Y axis indicates the axial position along the transformer height 

A average temperature of the tank outlet and the tank liquid pocket 

B liquid temperature in the tank at the top of the winding (assumed to be the same as A) 

C liquid temperature in the winding at the boundary of two different insulation materials 

D average liquid temperature in tank 

g,. average winding to liquid temperature gradient at rated current 

E bottom liquid temperature entering the winding 

F represents the bottom of the tank 

Hf hot-spot factor associated with part of the winding using high-temperature insulation 

H2 hot-spot factor associated with part of the winding using conventional insulation 

11 length of the upper part of the winding using high-temperature insulation 

12 length of the lower part of the winding using conventional insulation 

P^ hot-spot temperature in contact with the high-temperature insulation material 

P2 hot-spot temperature in contact with the conventional insulation material 

Q average winding temperature determined by resistance measurement 

©Lyy^ axial temperature rise of the liquid in the upper part of the winding 

®LW2 8ix\a\ temperature rise of the liquid in the lower part of the winding 
■ measured point; • calculated point 

Figure 6 - Modified temperature diagram for windings with mixed insulation system 
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Two different hot-spot temperatures need to be verified either by calculation or test. P., for the 
insulation system between B and C and P2 for the insulation system between E and C. The 
temperatures in each part of the winding should be evaluated as described in future 
lEC 60076-7. The hot-spot factors need to be calculated by the manufacturer. 

The temperature difference of the liquid in the tank between the top and the bottom is: 

where 

©o is the top liquid temperature in the tank; 

0[j is the bottom liquid temperature in the tank. 

To obtain the liquid temperature in the cooling ducts at the boundary of two different winding 
parts, (point C, in Figure 6), this temperature gradient is split into two parts: 

®LW1 = — - — ^®LW f°'' section 1 
/-1+/2 

0LW2 = ©LW - ©LWi foi" section 2 



1 1 .4 Dielectric type tests 

The insulating liquid should be dielectrically suitable for operation at elevated temperatures, 
when required. 

12 Supervision, diagnostics, and maintenance 

12.1 Introduction 

Supervision and diagnostics of transformers are part of the strategic approach for risk 
analysis and asset management which should result in an appropriate maintenance 
programme and reliable service life. In high-temperature transformers it may be more 
important to monitor the performance of the insulation system since significant historical data 
is not yet available. 

A good general diagnostic approach can be found in IEEE 62. 

12.2 Transformers filled with mineral insulating oil 

Because of the temperature limitation of the mineral insulating oil in insulation systems 
containing cellulose, the amount of solid high-temperature insulating material will be small. 
Hence, it is likely that the composition of gases, due to heating, inception of partial discharges 
and electrical arcing will be close to that of conventional transformers. 

In transformers with hybrid insulation systems, the most probable source of gas generation is 
the mineral insulating oil. When overheating, thermal faults, partial discharges or electrical 
arcing arise, decomposition of high-temperature solid insulation is possible with the potential 
for generating gases and other by-products (moisture, particles, furans, metals, etc.). 
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It may be desirable to periodically take oil samples for analysis. lEC 60422 provides guidance 
for the supervision and maintenance of mineral insulating oils. 

12.3 Transformers filled with high-temperature insulating liquids 

When overheating, thermal faults, partial discharges or electrical arcing arise in transformers 
with high-temperature homogeneous insulation systems, decomposition of the liquid and/or 
solid insulation is possible with the potential for generating gases and other by-products 
[moisture, particles, furans, metals, etc.]. 

On category II and III transformers as defined in lEC 60076-5, it may be desirable to collect 
DGA data for future reference as a diagnostic tool, since the characteristics are likely to differ 
from conventional transformers. lEC 60944 and lEC 61203 provide guidance for the 
supervision and maintenance of silicone transformer liquids and transformer esters in 
equipment respectively. 
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Annex A 

(informative) 

Calculation of bubble generation temperature 



A.1 General 

Both the user and the designer should consider the possibility of bubble generation in high- 
temperature transformers. Although the bulk of historical investigations concerns overload 
conditions for cellulose-insulated transformers, the principles are similar for transformers 
designed to operate at elevated temperatures. Studies over the last 10 years have indicated 
that the largest single determining factor, other than temperature, is the moisture content in 
the solid insulation. Investigations by Oommeni form the basis for this annex. 

It was once thought that the condition for generation of a bubble required that the total 
gas/vapour pressure contribution must exceed the external pressure exerted on the bubble. 
The total gas/vapour pressure contribution was computed from the gas content of the bubble 
(from mostly dissolved nitrogen and some generated gases) and from water vapour released 
by heat from paper insulation in contact with the hot conductor. 

Experts now agree that a bubble is formed by the expansion of a surface cavity, which has an 
initial gas/vapour content. When this is applied to a paper wrapped conductor, it is assumed 
that tiny cavities exist on the paper surface, that are initially filled with small amounts of water 
vapour and dissolved gases (mostly nitrogen). Under high-temperature conditions the 
conductor and paper overheat and the cavity expands, at first into which water vapour is 
injected. As the cavity grows, the bubble has higher and higher quantities of water vapour. 
The nitrogen content can hardly change in such limited time. Bubble formation is then to be 
dictated by water vapour release rather than the nitrogen content of the oil. The contribution 
from generated gases becomes even less important. 

A.2 Basic assumption 

The fundamental equation governing bubble formation is2 



^nt=^ext+^ (A.I) 



where 

/jnt is the internal pressure; 

Pgxt is the external pressure; 

(7 is the surface tension pressure; 

R is the radius of the bubble. 



' EPRI Report EL-6761, March 1990, "Bubble Generation During Transformer Overload". 

2 Some experimental data did not agree well with the calculated results. The calculation should be referenced as 
the first order of estimation. 
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Figure A.1 shows the results in graphical form. The upper curve corresponds to degassed oil, 
and the lower curve, to gas saturated oil. Note that at low moisture values, the bubble 
evolution temperature is virtually the same for degassed and gas saturated systems. At 2 % 
moisture in paper, which corresponds to an aged cellulose insulated transformer, the bubble 
evolution temperature is slightly above 140 °C. At a 0,5 % moisture level, the bubble evolution 
temperature is above 200 °C. 
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Key 

X axis percentage of water in paper 

Y axis bubble evolution hotspot temperature {°C) 

Upper curve gas-free systems 

Lower curve gas saturated systems 

Figure A.I - Bubble evolution temperature chart 

A.3 Mathematical formulation of bubble generation 

It is possible to relate the hot-spot temperature as a function of moisture, gas content and the 
total external pressure (atmospheric plus oil head). The bubble evolution temperature may be 
estimated by the following equation: 



0= 



6996,7 



22454+ 1,4495xln(%p)-(2015+ln(i^res)) 



(exp(0,473xf%p))x 



^ r,1,585^ 

^^9 



30 



-273 



(A.2) 



where 

is the temperature for bubble evolution in °C; 

Wyyp is the percent by weight of moisture in paper based on the dry, oil free weight of 
paper; 

i^res is the total pressure in kPa; 



Vg is the gas content of the liquid in percent (v/v). 
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A.3.1 Determination of moisture in paper 

There are several methods for the assessment of moisture in paper insulation in transformers. 
Two indirect methods of measurement are: dielectric response analysis in the time or 
frequency domain and reference to moisture equilibrium curves. 

A.3.1.1 Dielectric response analysis 

This requires the application of a DC voltage while the transformer is de-energized. Moisture 
estimates are made by comparison to systems with known moisture content. Other quantities 
such as dissipation factor and capacitance as a function of frequency may also be measured. 

A.3.1. 2 Moisture equilibrium curves 

Under steady state conditions achieved at constant load, the moisture in paper and oil 
achieve equilibrium conditions. At each temperature, a new set of values is reached. A set of 
equilibrium curves may be used for the estimation of moisture content of paper, based on the 
moisture content of oil, which is easily determined. 

The equilibrium curves shown in Figure A.23 were developed from experimental data on 
moisture saturation on paper and oil at different humidity and temperature and combining 
them for a paper-oil system as shown by Oommen^. 
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Figure A.2 - IVIoisture equilibrium curves for cellulose and mineral oil 



This diagram is valid for new oil. Aged oil with a certain acid content influences the curves in such a way that 
the real moisture content in the paper will be lower than shown on the vertical axis. 



Oommen, T.V., "Moisture Equilibrium in Paper-Oil Insulation Systems" 
Chicago, October 3-6, 1983. 



Proc. Electrical Insulation Conference, 
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When drying the transformer active part during manufacturing, the goal for moisture content in 
the solid cellulose insulation is typically less than 0,5 %. However, the moisture content of the 
solid insulation will increase with time in service, since the ageing process of cellulose 
produces water. This moisture reduces the dielectric strength of the oil, deteriorating rapidly 
as the moisture content exceeds 30 mg/kg. 

It is clear then that in using the moisture equilibrium curves, the most practical area of interest 
for transformers is a relatively small rectangle in the lower left corner. Logarithmic scales are 
sometimes used to improve readability in the area of practical interest. Figure A.35 is a good 
example of these curves. 
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Figure A.3 - Logarithmic moisture equilibrium curves for cellulose and mineral oil 



Norwegian standard NEK 240-1 (2001), third edition, with the following English title: Insulating Oils. 
Requirements, Supervision and Maintenance. Part 1: Transformers, Switchgear and associated Oil-Filled 
Equipment. 
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A.3.2 Example calculation for cellulose insulated transformer 

Assume 1,2 % water in the paper insulation. To compute tine bubble evolution temperature 
from the coil at a depth of 2,5 m from the top oil level of a large power transformer, the oil 
head has to be added to the gas space above oil. Assume the following parameters: 



Water in paper 


= 


^wp = 


1 ,2 % 


External pressure 


= 




100 kPa 


Oil head (2,5 m) 


= 




21,6 kPa 


Total pressure 


= 


■Ppres = 


121,6 kPa 


Gas content 


= 


v„ 


4,0 % 



Equation A. 2 results in a bubble evolution temperature of 166 °C. With a gas content of 8 %, 
the bubble temperature drops by only one degree. However, if the moisture content is also 
4 %, the bubble evolution temperature is reduced to 121 °C. For 0,5 % water content with the 
same 8 % gas content, the bubble evolution temperature is about 204 °C. Figure A. 4 shows a 
curve of this same example for 4 % gas content. Moisture content appears to be the most 
critical parameter in determining bubble evolution temperature. 
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Figure A.4 - Water content of paper versus bubble evolution temperature 
for parameters taken from the example 
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Annex B 

(informative) 

Transformer temperature development for Tables 4 and 5 

A table is under consideration for tine next edition that compares these temperatures as well 
as the estimated winding gradients and hot-spot factors associated with each insulation 
system. 
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